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Summary

The paper presents experimental results concerning disturbances of electron density in the high latitude ionosphere F-region,
induced by powerfulHF radio waves (pump waves) with extraordinary (X-mode) polarization. The experiments were
carried out at the EISCAT/Heating facility at Tromsa, Norway. The EISCAT UHF incoherent scatter radar (ISR), running
at 930 MHz, co-located with a heating facility, was used to detect the disturbances of electron density. In the course of
the experiments, the X-mode HF pump waves radiated into the F-region towards the magnetic zenith at different pump
frequencies and ratios of the pump frequency to the critical frequency of the £2 layer. The effective radiated power was
ERP =360-820 MW. An increase in electron densities was found in a wide altitude range, giving rise to field-aligned
ducts with enhanced electron density. The features and behavior of the ducts were investigated. It was revealed that the
ducts are formed under quiet background geophysical conditions in a wide altitude range up to the upper altitude limit
of EISCAT ISR measurements, when the pump frequencies were both below and above the critical frequency of the 2
layer (f, < fF2orf, >fF2). Aplausible formation mechanism of the ducts is discussed.

Keywords: duct, electron density, EISCAT, experiment, polarization, F-region, high-latitude ionosphere, HF
pump wave, incoherent scatter radar.

For Citation: Blagoveshchenskaya N.F., Borisova T.D., Kalishin A.S., Egorov .M., Zagorskiy G.A. Disturbances
of electron density in the high latitude upper (F-region) ionosphere induced by X-mode HF pump waves from
EISCAT UHF radar observations. Problemy Arktiki i Antarktiki. Arctic and Antarctic Research. 2022, 68 (3):
248-257. https://doi.org/10.30758/0555-2648-2022-68-3-248-257.

Received 01.09.2022 Revised 15.09.2022 Accepted 16.09.2022

INTRODUCTION

Controlled injection of powerful HF radio waves into the high latitude upper (F-region)
ionosphere allows investigating various ionospheric disturbances, nonlinear phenomena,
the excitation of plasma waves, plasma and cyclotron resonances and the mechanisms of
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electron acceleration. Powerful HF radio waves with ordinary (O-mode) polarization at
frequencies below the critical frequency of the £2 layer (f;, < f F2) are commonly used
for the modification of the upper ionosphere (F-region) at all HF heating facilities in the
world. This is due to the fact that powerful HF radio waves with extraordinary polarization
in the background undisturbed ionosphere are reflected from altitudes significantly below
the reflection altitude of the O-polarized HF pump wave and the altitude of the existing
electrostatic plasma waves (Langmuir and upper hybrid). Because of that, the X-mode
pump waves are not able to generate electrostatic plasma waves and, as a consequence,
the excitation of the artificial plasma turbulence and accompanying phenomena [1-4].

However, results from a large number of experiments, carried out by scientists from
AARI at the EISCAT/Heating facility (Tromse, Norway), have shown for the first time that
an X-polarized HF pump wave, injected into the high latitude ionosphere F-region towards
the magnetic zenith, is able to produce the excitation of various artificial disturbances
such as small-scale field-aligned artificial irregularities, optical emission, narrowband
stimulated electromagnetic emission and Langmuir and ion acoustic plasma waves [5-9].
Moreover, the artificial ionosphere turbulence (AIT) may be much stronger compared
with the AIT induced by an ordinary polarized HF pump wave [8]. In contrast to artificial
ionospheric disturbances induced by ordinary (O-mode) polarized powerful HF radio
waves, ionospheric disturbances in the upper (F-region) high latitudinal ionosphere under
X-mode HF pumping are far from being sufficiently investigated, and the mechanisms of
their formationare not well understood. Therefore, investigations of artificial ionospheric
disturbances in the F-region induced by X-mode HF pump waves require further serious
experimental and theoretical studies.

The present paper is aimed at investigating the features and the formation conditions
of ducts with an enhanced electron density in the high latitude ionosphere F-region induced
by extraordinary polarized (X-mode) HF pump waves injected towards the magnetic zenith
at frequencies both below and above the critical frequency of the /2 layer (f,, < f.F2
or f,>f.F2) under very high effective radiated power (ERP > 250 MW) from the direct
measurements of the EISCAT UHF incoherent scatter radar co-located with the EISCAT/
Heating facility.

EXPERIMENTAL SETUP AND METHODS

The experiments were conducted using the EISCAT/Heating facility (69.6° N, 19.2°
E,L=06.2,1=78°) located near Tromsa, Norway [10] under quiet magnetic conditions in
the morning, afternoon and evening hours. Powerful HF radio waves with extraordinary
(X-mode) polarization radiated towards the magnetic zenith (the HF heater beam was tilted
to the south from the vertical direction by 12°) at fixed frequencies from 5.4 to 8 MHz
in 10 min on — 5 min off cycles. A phased array with a bandwidth of 5-6° (at -3 dB
level), providing the effective radiated power ERP = 360-820 MW, was utilized in the
course of the experiments. The choice of the heater frequency was made in the real time
from the Tromse dynasonde [11].

The EISCAT UHF incoherent scatter radar (ISR) at 930 MHz [12], co-located with
the EISCAT/Heating facility, was used for observations of HF-induced effects in a wide
altitude range. It provides the detection of plasma turbulence with a wavelength L =
0.16 M (L = c/2f, ,, where c is the velocity of light and frad is the radar frequency). In the
course of the experiments, the ISR operated in the altitude range from 70 to 700 km using
“beata” code [13] with an altitude resolution of 3 km and temporal resolution of 5 s. In
most of the experiments, the EISCAT ISR runs in the same direction as the radiation of the
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HF pump wave (towards the magnetic zenith). However, in some of our experiments, in
determining the spatial scale in the horizontal plane of artificial disturbances, the stepping
of the elevation angles was used in the following sequence: 72—74-76—77-78-79-80—
82-84-86° (2 min for each angle). The magnetic zenith at Tromse corresponds to the
elevation angle of 78°. EISCAT ISR data were processed by the Grand Unified Incoherent
Scatter Design and Analysis Package (GUISDAP) software [13].

RESULTS AND DISCUSSION

First, we consider the behavior and features of the plasma parameters under X-mode
HF pumping towards the magnetic zenith at different pump frequencies f;, and ratios of
J;, to the critical frequency of the F2 layer (f, < f.F2 u f,, > f [2).

Figure 1 shows the altitude-temporal distribution of the electron density and temperature
(N, u T), the ISR backscatter power, labeled as the raw electron density, and intensities of
HF-induced plasma lines (HFPL) on 16 February 2012 from 14:18 to 15:32 UT. Note that the
strong ISR backscatter power is a direct indication of the excitation of the HF-enhanced ion

EISCAT UHF RADAR
RU, uhfa, beata, 16 February 2012
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Fig.1. Altitude-temporal distribution of the electron density and temperature (N, T), the ISR
backscatter power, labeled as the raw electron density, and intensities of HF-induced plasma lines
(HFPL) on 16 February 2012 from 14:18 to 15:32 UT from the EISCAT ISR observations. The X-mode
HF pump wave radiated towards the magnetic zenith at frequency of 6.2 MHz. The effective radiated
power was ERP = 460 MW. Heater-on cycles are shown on the time axis

Puc. 1. BeicotHO-BpemenHOe pacnipenenenue N, T, MOIIHOCTH PacCesiHHOro chrHana (raw electron
density) HHTEHCHBHOCTEH, BBI3BaHHBIX HarpeBoM rurazmMeHHbIX auHui (HF-induced plasma lines,
HFPL) 16 ¢eBpans 2012 1. ¢ 14:18 mo 15:32 UT no nanneiMm EISCAT panmapa HP. Momrxas KB-
panuoBoiHa X-NONIpU3aLUK U3/ydanach B HalIPaBJICHUN MarHUTHOTO 3¢HUTa Ha yacToTe 6,2 MI'1y
npu P, b = 460 MBT. [{uxiibel HarpeBa 1oka3aHbl HA OCU BPEMEHU
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line (HFIL) in the radar spectra. In the course of the experiment,the HF pump wave radiated
at a frequency of 6.2 MHz, which was above the critical frequency by 0.3-1.2 MHz (f;, >
[.F2). The effective radiated power was ERP = 460 MW.

As seen from Fig. 1, the large electron density enhancements N, were observed in a wide
altitude range up to about 550 km in all heater-on cycles and accompanied by not too strong
increases in the electron temperature 7, due to the Ohmic electron heating. It is important that
N, enhancements occurred irrespective of the excitation of HFIL and HFPL (compare, for
example, the pump cycles on 14:20 — 14:30 UT and 14:50 — 15:00 UT in Fig. 1).

Analogous N, enhancements were observed on 25 February 2013 from 9:28 to
11:43 UT, when the X-mode HF pumping was produced at frequencies f,= 6.77, 6.2 and
7.1 MHz, which were both above and below f F2 (see Fig. 2).

It was interesting to compare the N, and 7, features observed in the course of
alternating O-/X-mode HF pumping. Such a comparison was carried out for the experiment
on 25 February 2013 from 14:45 to 178:15 UT (see Fig. 3). During the experiment, the HF
pump wave with O- or X-polarization radiated towards the magnetic zenith at a frequency
Ji= 5.423 MHz under ERP = 360 MW. The critical frequencies of the F2 layer slowly
dropped from 5.9 to 5.5 MHz (f,, < f F2), which makes possible the excitation of non-
linear phenomena induced by the O-mode as well as X-mode HF pumping.

As is evident from Fig.3, strong electron temperature enhancements of up to
~ 3000 K were observed under the O-mode HF pumping, which is a typical signature for
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Fig. 2. Behavior in time of N, T, f F2, and £, in the course of experiment on 25 February 2013 from
9:28 to 11:43 UT. The X-mode HF pump wave radiated at frequencies 6.77, 6.2, 6.77, and 7.1 MHz.
Heater-on cycles are shown on the time axis

Puc. 2. Ilosenenune N, T, a TakKe KPUTHIECKHX YacTOT CI0sA F2 M 9aCTOT HarpeBa B MEPUOJL dKC-
nepumenTa 25 despanst 2013 1. ¢ 9:28 mo 11:43 UT. Mommnas KB-pannoBonna X-mosspu3anuu
M3JTyYanach MOCIeI0BaTeNIbHO Ha YacToTax 6,77; 6,2; 6,77 u 7,1 MI'n. Llukisl HarpeBa moKa3aHbI
Ha OCH BPEMEHHU
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Fig. 3. Altitude-temporal distribution of N, T’ and behavior of N, T’ at fixed altitudes on 25 February
2013 from 14: 45 no 17:15 UT. Alternating O-/X-mode pumping was produced towards the magnetic
zenith at frequency f,, = 5.423 MHz under ERP = 360 MW. Heater-on cycles and polarization of HF
pump wave are shown on the time axis

Puc. 3. BeicotHo-Bpemennoe pacnpenenenue N, T, a tawoke Bapuaunu N, T Ha (hUKCHPOBAHHBIX
BeicoTax 25 despansa 2013 1. ¢ 14: 45 1o 17:15 UT. AnsrepratuBubiii O-/X-HarpeB mpou3BOIUICS
Ha yacrore 5,423 MI'u B HanpaB/IeHUH MArHUTHOTO 3€HUTA TIPH P, b 360 MBT. Lluknbl Harpea u
nossipusanus mouHor KB-paimoBosHbI moka3zaHbl Ha HHXKHEH MaHeNId OCH BPEMEHU

O-mode experiments at all the HF heating facilities at middle and high latitudes [1-3, 14].
In this case, the electron density N, changes were insignificant. The opposite behavior of
the N, and T, is exhibited by X- mode pumping. Strong electron density enhancements of
up to 50-70 % above the background level in a wide altitude range were accompanied by
small 7 increases of up to ~ 20-30 % under f,, < f /2. Such field-aligned N, enhancements
form ducts, which are typical phenomena for X-mode HF pumping at frequencies below
and above the critical frequency of the F2 layer (f,, </ F2 and f, > f F2).

Further we consider the features of the ducts with enhanced », in the high latitude
upper (F-region) ionosphere in more detail. Fig. 4 depicts the evolution in time of the ducts
with enhanced N, after the onset of X-mode pumping on 12 October 2011. As is seen, the N,
enhancements started after the HF heater is turned on and reached the saturation within ~ 40 s.
The decay time of the N, enhancements was about 2-5 min after the HF heater was turned off.

Figure 5 demonstrates the altitude profiles of the electron density N, (h), averaged over
2 min intervals, before the HF pump onset, during the heater-on cycle and after the HF heater
is turned off on 10 and 12 October 2011. HF pump waves radiated towards the magnetic zenith
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Fig. 4. Altitude-temporal distribution of N, and its behavior at fixed altitudes with 5 s temporal

resolution on 12 October 2011 from 14: 45 to 15:04 UT. The X-mode HF pump wave radiated

towards the magnetic zenith at f, = 7.953 MHz ( f, = f.F'2) under ERP = 820 MW. Heater-on cycle
is shown on the time axis

i

Puc. 4. BeicoTHO-BpeMeHHOE pacnpenesienue N, u Bapuanun N, Ha pUKCHPOBAHHBIX BBICOTAX C 5 ¢
pasperieHreM o BpemeHu 12 oktsaops 2011 1. ¢ 14:45 no 15:04 UT. Mounas KB-paauoBonHa
X-noJApu3aluK U3JTydanach B HaPaBICHAN MarHUTHOTO 3€HUTa Ha Yactote f,, = 7,953 MI'u (f, =
[f.F2) ipu P3¢ o 820 MBrT. Lluki HarpeBa OTMEUYEH Ha OCH BPEMEHU

at f,= 7.1 MHz and f,, = 7.953 MHz on 10 and 12 October 2011 correspondingly, when the
pump frequencies exceeded the critical frequency of the F2 layer by 0.3-0.4 MHz. As seen
from Fig. 5, the N, enhancements appeared from the altitude of 220-250 km and existed up
to 550 km (the upper altitude limit of EISCAT ISR measurements during the experiments).
The N, values did not recover to the background N, values after the HF heater was turned
off, but were enhanced in a wide altitude range of up to 550 km during the next two minutes.

EISCAT ISR measurements in the elevation angle stepping make it possible to
estimate the horizontal size of the ducts with N, enhancements. Fig. 6 shows the behavior
of the N, enhancements depending on the elevation angle of EISCAT ISR in the course
of 20 min heater-on cycle on 2 November 2013 from 12:31 to 12:51 UT.

As is evident from Fig. 6, the largest N, enhancements were observed for the elevation
angles between 77—79°. It is worth noting that the field-aligned pointing ISR corresponds
to 78°. Therefore, the ducts occurred in the vicinity of the local magnetic field line and
had a width of 3°, which corresponds to ~ 16 km at the altitude of 300 km.

The analysis of the features and formation conditions of the enhanced electron
density ducts allows one to assume that the X-mode HF pumping into the high latitude
ionosphere F-region towards the magnetic zenith produces electron acceleration. It is
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due to the fact that the electric field of a circular X-polarized HF pump wave rotates in
the same direction as the electron gyro-motion. It leads to the acceleration of electrons.
Also, we cannot rule out that other unknown acceleration mechanisms come into play. The
acceleration of electrons is amply confirmed by the high ratio (0.35-0.5) of the green to
red line of the radio-induced optical emission induced by X-mode HF pumping [6, 15]. In
such a case, according to the results obtained in [16, 17], the flux of accelerated electrons
can lead to an increased production of ionization.

CONCLUSIONS

Our EISCAT ISR observations have demonstrated that X-mode HF pumping into
the high latitude ionosphere F-region towards the magnetic zenith leads to the formation
ofducts with an enhanced electron density N,. It has been found that they are created under
quiet magnetic conditions, when the pump frequencies are both below and above the
critical frequency of the /2 layer (f,, < fF2 and f,, > f F2), irrespective of the excitation
of HF-induced Langmuir and ion-acoustic plasma waves. The electron density inside the
ducts is enhanced by 50-70 % from the background level in a wide altitude range of up to
~ 600 km. The ducts were formed in the vicinity of the local magnetic field line and had
a width of about 3°, which corresponds to ~ 16 km at the altitude of 300 km. A plausible
mechanism of duct formation could be the enhanced production of electron density by
accelerated electrons, induced by an X-mode HF pump wave.
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Bo3my1enusi 371eKTPOHHOI KOHIIEHTPALMH B BHICOKOIIMPOTHOM BepXHei
(F-o0sacth) noHocdepe, BbI3BaHHbIe Bo3eiicTBHeM MOUIHBIX KB-pagnoBosin
X-MoO/1bI OJISIPU3ALMH 110 JAHHBIM HA0TI0AeHUI
EISCAT panapa HeKorepeHTHOT0 paccestHusi paJuoBOJIH
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Pe3rome

[Ipencrasienbl pe3ynbTaThl SKCIEPUMEHTAIBHBIX UCCIEI0BAHUH BO3MYILCHUH 371€KTPOHHON KOHLEHTpaluu
N, B BBICOKOUIMPOTHOH F-001acTH MOHOC(EPHI, BhI3BAHHbIC BO3NeHCTBHEM MOMHBIX KB-patuoBosiH He-
00bIKHOBEHHOH (X-Moy1a) monspu3aiuu. JKcrepiuMeHTs! BeimonHsumch Ha KB narpesHom crenye EISCAT/
Heating B . Tpomcé, Hopserust npu addexrnsroit Momuocty manyderns 360-820 MBr. B kauectse cpezctsa
nuarnocTuky Bosmyienuit N, ucnonb3osancs EISCAT panap nekorepentHoro paccesnus panuooin (HP) na
yactote 930 MI'n, mpocTpancTBeHHO coBMelteHHbIi ¢ KB HarpesHbiM cTeniom. OOHapyskeHo Bospactaue N,
B IIMPOKOM JHana3oHe BBICOT, KOTOPOe OPMHUpPYET KaHAIbI OBBIIIEHHOH JIEKTPOHHOH IIOTHOCTH, BHITSHY ThIE
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BJIOJIb MATHATHOTO OIS 3eMitd. Vcee[oBanbl XapakTepHCTHKY U YCIOBUSA CO3aHus KaHatoB. O0cyxmaeTcs
BO3MOKHBIH MEXaHH3M (JOPMUPOBAHKSA KaHaloB N, ipy X-HarpeBe BHICOKOUMPOTHOM F-001acTH HOHOC(EpBL.
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Bo3myenns 31eKTpOHHOI KOHIEHTPALMH B BHICOKOIIHPOTHOI BepxHeii (F-00:1acTh) HOHOChepe,
BbI3BaHHbIe Bo3/leiicTBHeM MOIHbIX KB-pannoBoan X-Mobl nosisipusanuu
no ganubIM Haomonenuii EISCAT pagapa nHekorepeHTHOTo paccestHusi paguoBoJIH
(pacuimpennblii pedepar)

[pencrapieHbl pe3yabTaThl SKCIEPUMEHTAIBHBIX HCCICIOBAHNH BOSMYILCHHH 3JIEKTPOHHOM
KOHIIGHTPAIIMY B BBICOKOILIMPOTHOI F-00macti noHoc(eps!, BEI3BAHHBIX BO3EHCTBHEM MOIIHBIX KB-
Pa/IOBOJTH HEOOBIKHOBEHHOM (X-MOz1a) MOJspH3aliii. DKCIIEPUMEHTHI BBITONHsUTHCH Ha KB HarpeBHOM
creane EISCAT/Heating (69,6° c.am., 19,2° B.1., L = 6,2, I = 78°), . Tpomc€, Hopserust. Mommnsie KB-
PaIOBOHB! X-TIONSPHU3AIMH H3TyJaInCh B HAMPABICHIN MarHUTHOTO 3€HHUTA (IHarpaMMa HarpaBlieH-
HOCTH aHTCHHBI HAKJIOHEHA Ha 12° OT BepTHKaJH K I0TY) Ha (PUKCHPOBAHHBIX YaCTOTaxX B HANIa30HE OT
5,4 no 8 MI'u pu >ppexTrrHON MonHOCTH M3mydeHust ERP = 360-820 MBT. B kauecTBe OCHOBHOTO
JIMAarHOCTHYECKOro cpezcTsa 3(hdexToB BoaeicTBus ucnonb3obasics EISCAT panap HekorepeHTHO-
ro paccesHus paauoBoiH (HP) na wactore 930 MI'ni, mpocTpaHCTBEHHO COBMEIIEHHBI C HarPEeBHBIM
crernoM. Pagap HP onpenensin nmapamerpsl HoHOC(EpHOI Mm1a3Mebl B auarna3one BeIcoT oT 80 10 700 km
C pa3pelIeHreM Mo BPeMeHH 5 ¢ 1 3 KM MO BbICOTe. [10 JaHHBIM MHOTOYHCIIEHHBIX SKCIIEPUMEHTOB yCTa-
HOBJICHO, YTO THIIMYHBIM SIBIICHUEM TIpU X-HarpeBe SIBISIETCS BO3PACTaHUE IEKTPOHHON KOHIICHT PN
N, B F-o6nmactu moHOC(EpBI B IMPOKOM JHANA30HE BBICOT, BIUIOTH 10 BEPXHEH BHICOTHON IPAHMIIBI
m3Mepennii pagapa HP (~ 600-700 kM), koTopble 00pa3yroT KaHaibl (IAKTHI) TOBBIIICHHON MIOTHOCTH
9IEKTPOHOB. BBITIONHE B! HCCIeJ0BaHKs YCIOBHI TeHEpAIMK U XapaKTePHCTHK KaHAIOB (JJAKTOB) TTOBBI-
LICHHOM 3JIEKTPOHHOH INIOTHOCTH B BBICOKOIIMPOTHOM BepXHEH (£-00macTb) noHOChepe. YCTaHOBIIECHO,
YTO KaHaJTBI TIOBBIIIIEHHON AIEKTPOHHOH TIOTHOCTH CO3IAFOTCS TIPH CIIOKOWHBIX (DOHOBBIX TEOPH3MICCKIX
YCIIOBHSIX TIPU M3Ty4deHHH MomHOH KB-panroBomHs! HeOOBIKHOBEHHOH (X-MO/Ia) MOMSIpH3aIAK B Ha-
MPaBJICHNN MArHUTHOTO 3¢HNTA HA YaCTOTaX HarpeBa KaK HUJKE, TaK U BBILIC KPHTUYECKOH YacTOTHI CIIOS
F2 (f, <f.F2 u f,> f F2). PaccMOTpeHbI XapaKTEPUCTUKH KaHAJIOB JUT PA3IMYHbIX YaCTOT HarpeBa U oT-
HOLIEHHMH YaCTOThI HArPeBa K KPUTHYECKOH yacTote cios F2. Tlosenenne N, B KaHaax XapakTepu3yeTcst
cuIbHBIMA Bo3pacTanusamu N, 10 50-70 % oTHOCHTENBHO (HOHOBBIX 3HAYEHHH B IIMPOKOM JIMANIA30He
BBICOT, COTIPOBOXK/IAIOIIMMICS] CPAaBHUTEIFHO HEOONBIINMH TTOBBIIIEHUSIMH TEMIIEPATYPHI JIEKTPOHOB
T, (~20-30 % mpu Harpese Ha vactoTax f, < fF2 u no 40-50 % npu Harpese Ha 4acToTax f,> f F2)
BCJIC/ICTBHE OMUHYECKOTO HAarpeBa IeKTPOHOB. Bospactanust N, HAMHAKOTCS TIOCIIE BKITFOYEHHS HArPeB-
HOTO CTEHJIA U OCTUTalOT Hachlerus yepe3 ~ 30-50 c. Tlocrne BBIKIIOUEHHUs CTEH I BO3BpAILEHUe NV,
K ()OHOBBIM 3HAYEHHSM B Pa3JIMYHBIX SKCIIEPUMEHTAX IIPOMCXOANIO Yepe3 2—5 MuH. Vi3mepenus pagapa
HP B pexxumMe ckaHNpPOBaHMS HCKYCCTBEHHO BO3MYIIIEHHON 00IaCTH HOHOC(EPHI IO YITIaM BO3BBIICHHS
JIAI0T BO3MOKHOCTB OIEHUTH TOPH30HTATBHBIN pa3Mep KaHAJIOB MOBBIIICHHOH IIOTHOCTH MIEKTPOHOB.
TopusoHTanbHBIA pasMep KaHATIOB MOBBIIIEHHBIX 3HAYEHHH N, COCTABIISI ~ 3-4° U PErHCTPUPOBATICS
TOJIBKO BOJIM3M HAIPABJICHHMS JIOKAJIBHOTO MarHUTHOTO TTOJISI. AHAIIM3 YCIIOBHH CO3AHMS M XapaKTePUCTUK
KaHAJIOB MOBbIIIEHHBIX 3HAYEHUH N, O3BOJIAET 3aKIIFOYHMTh, YTO BO3EHCTBIE MOLIHON KB-pauoBoubl
X nonspu3anyy Ha F-0011acTh BHICOKOIIMPOTHOH HOHOC(EPHI B HANPABIICHUH MArHUTHOTO 3CHNTA BbI3bI-
BAET YCKOPEHNE EKTPOHOB. DTO 00YCIOBIEHO COBIAIEHUEM BPAILIEHNS EKTPUIECKOTO TOJIST MOIIHOM
BOJIHBI C JICBOCTOPOHHEH KpyroBo# monsipr3anueii (X-Mozia) ¢ THpOBPAIEHHEM JIEKTPOHOB.
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